Fructokinase has been purified from developing potato (Solanum tuberosum L.) tubers by a combination of hydrophobic interaction, affinity chromatography, and gel filtration. The protein has a native molecular mass of approximately 70 kD but is apparently a dimer. Ion-exchange chromatography and two-dimensional western blots resolved three major fructokinases, designated FK-1, FK-11, and FKIlIl in order of their elution from a Mono-Q column. Fructokinase activity proved labile when proteins were purified in the absence of fructose. Kinetically, FKs I, Il, and IlIl all have broad pH optima with peaks at about pH 8.5. The enzymes have a high specificity for fructose (Km values ranging from 0.041 to 0.128 mM), and can utilize a range of nucleoside triphosphates. Unlike FKs I and 11, FK-III is not inhibited by fructose concentrations in excess of 1 mm. MgADP inhibited activity of the three FKs (between 68 and 75% inhibition at 1.0 mM), whereas fructose 6-P caused inhibition at concentrations of 10 mm. There were no regulatory effects observed with a range of other metabolites. K' (10 mM) activated FK-I by 4-fold and FKs II and IlIl by only about 50%.
Hexose kinases catalyze the production of hexose mono- phosphates from glucose and fructose utilizing an NTP' as a phosphoryl donor. Compared with mammalian and microbial systems (5), our knowledge of plant hexose kinases is poor. However, hexose kinases have been characterized from a variety of plant tissues including pea seeds (6, 7, 29, 30) , castor beans (19, 20) , wheatgerm (16, 17, 21) , maize kemels (10, 13, 14) , soybean nodules (8) , avocado (9) , barley leaves (3), and spinach leaves (2, 26) .
These enzymes may be subclassified on the basis of their substrate specificity. Enzymes siderably higher than glucose-phosphorylating activity. This would explain, in part, the high ratio of glucose to fructose observed in such tissue (11) . Although other workers (22) were unable to demonstrate fructose-specific kinase activity in potato, recent reports (31) confirm the existence of the enzyme potato tubers. In starch-storing sinks that use sucrose synthase to degrade incoming assimilate, FKs may play an important role in preventing feed-back inhibition of sucrose synthase by fructose. In this study, potato tuber fructokinase has been purified to near homogeneity and identified by immunological techniques. Isozymes have been separated by anion-exchange chromatography, and their kinetic properties have also been examined.
MATERIALS AND METHODS

Enzyme Extraction
Tubers of potato (Solanum tuberosum L. cv Record) were grown in soil in an unheated glasshouse. One kilogram of freshly harvested, developing tubers (about 50 g fresh weight tuber-') was extracted at 40C with an Acme juicerator and 9 volumes of sap combined immediately with 1 volume of 1OX concentrated collection medium. The combined extract and medium then contained 20 mnvm Tris-HCl ( (18) . After Coomassie staining, the FK polypeptide was excised and eluted in 20 mM Tris-HCl (pH 8.5) containing 0.1% SDS. Gel-purified protein was concentrated by dialysis against PEG 20,000 to about 3 mg protein mL-1, and 0.1 mL was mixed with an equal volume (100 Mg) of malemide-activated KLH (Pierce). The mixture was allowed to stand at room temperature for 1 h. FK-KLH conjugate (0.1 mL) was minxed with an equal volume of Freund's complete adjuvant and injected into the muscle tissue of a rabbit. The remaining antigen was divided into two equal aliquots and injected at 21-d intervals mixed with Freund's incomplete adjuvant. Blood was taken from the animal 10 d after the final boost, and the serum was fractionated with 50% (NH4)2SO4.
Electrophoresis
The purity of purified proteins was analyzed using onedimensional SDS-PAGE (12% acrylamide) as described by Laemmli (18) followed by Coomassie or silver staining (4). One-dimensional IEF was carried out on a Pharmacia Phast System over the pH range 4 to 6.5. Two-dimensional SDS-PAGE was carried out using the method of O'Farrell (23) . The IEF gels and sample buffer contained 2.5% (v/v) ampholines (1:4 ratio of pH ranges of 3.5-10 and 4-6.5, LKB, Uppsala, Sweden).
Immunoblots
For western blotting, polypeptides were transferred onto nitrocellulose (28) and incubated with polyclonal antibodies raised to either FKP-I or to the purified potato protein (see below). Cross-reacting bands were identified using goat antirabbit immunoglobulin conjugate labeled with alkaline phosphatase. FKP-I antiserum was kindly supplied by Professor D.D. Randall, University of Missouri (Columbia, MO).
Immunoprecipitation
Twenty microliters of FK-KLH antibody (diluted 50-to 500-fold) was added to 20 ML aliquots of purified FK. Preimmune serum was used as a control. The antigen/antibody mixture was incubated for 2 h at 40C, then 25 uL of protein A agarose was added. Incubation was continued for a further 12 h at 40C. The antigen/antibody/protein A complex was precipitated by centrifugation at 12,000g, and 25 gL of the supernatant was removed and assayed for FK activity.
Enzyme Assays
Unless stated otherwise, FK activity was measured using a continuous spectrophotometric assay at 250C. The reaction mixture contained 100 mm Tris-HCl (pH 8.5), 5 mM MgSO4, 2 mm ATP, 0.2 mm NAD, 2 units of phosphoglucose isomerase, and 1.5 units of glucose 6-P dehydrogenase (from Leuconostoc mesenteroides). The reaction was initiated with fructose (2 mm final concentration). The reaction volume was 1 mL. Where glucose phosphorylation was determined, phosphoglucose isomerase was omitted and fructose replaced with glucose. The enzyme preparation (post-ATP agarose) showed no detectable phosphatase activity at pH 8.5, and the reaction rate was proportional to enzyme volume.
Phosphorylating activity with other sugars was determined in a reaction mixture (1 mL) containing 100 mi Tris-HCI (pH 8.5), 3 mM MgSO4, 2 mm ATP, 0.2 mm NADH, 20 mm KCl, 1 mM phosphoenol pyruvate, 1 unit of lactate dehydrogenase, and 1 unit of pyruvate kinase (units used for coupling enzymes are those defined by the manufacturer). This assay was also used to assess the effects of glucose 6-P and fructose 6-P on enzyme activity.
RESULTS AND DISCUSSION
The yield of FK in preliminary experiments was extremely poor, but substantial improvement was achieved by including 20 mm fructose in buffers used for extraction and chromatography. The overall loss of activity in the absence of fructose following fractionation was almost 70%, and in the presence of fructose, about 25% (data not shown). The use of fructose to stabilize mammalian hexokinases has been reported (15, 27) but, to our knowledge, problems with FK stability have not been reported previously for higher plants. The purification protocol resulted in a 700-fold increase in specific activity. The overall yield was about 20% of the original activity (Table I) .
Mr Determination and Immunochemistry of the Purified Enzyme SDS-PAGE analysis of a purified potato FK preparation revealed a major polypeptide with an Mr of 36,000 (Fig. la) .
The identity of the purified protein was confirmed by immunoblotting with antibody raised against FKP-I. In westem blots, the pea antibody cross-reacted strongly with the major purified potato polypeptide (Mr 36,000) and very specifically with a polypeptide (Mr 36,000) in a crude unfractionated protein extract (Fig. 1, b and c) . Antibodies raised to gelpurified potato tuber FK-KLH conjugate cross-reacted with the same protein in western blots (Fig. id) . There was no reaction with preimmune serum. Substantial immunoprecipitation of FK activity was achieved with the potato antibody (Fig. 2) .
The native molecular mass of the purified potato FK was estimated at 70 kD (data not shown). This compares favorably with values of 73 kD for FK-II from barley leaves (3) and 72 kD for FKP-I (7). FKs Ia and lb from barley leaves are reported to have a native molecular mass of 37 kD. Evidence presented in Figure 1 chromatography indicate that potato FK is a dimer. Onedimensional IEF of gel-purified FK revealed three major proteins with isoelectric points in the range of 4.8 to 5.2 (data not shown). Two-dimensional SDS-PAGE combined with immunoblotting (pea antibody) was used to further analyze the purified enzyme. The results are shown in Figure 3 . Three major isoforms are again distinguished. Spinach leaves (2, 26) , avocado (9) , and pea seeds (6, 7, 29, 30) have been shown to contain two isoforms of FK, whereas three chromatographically distinct FKs are present in maize kernels. In this respect, potato tubers show more similarity to maize kernels. However, it is clear from the data referred to above that other, more minor forms of FK may exist in tubers.
Ion-Exchange Chromatography of Purified FKs
When purified FK (post-gel filtration) was subjected to anion-exchange chromatography over a broad KCl gradient, three peaks of FK activity were resolved (Fig. 4) refs. therein). FK-I obeys Michaelis-Menten kinetics at low substrate concentrations (up to 1 mM); substantial inhibition occurs at 4 and 8 mm fructose (Fig. 5) . Similarly, FK-II showed inhibition at substrate concentrations in excess of 1 mm (data not shown). In contrast, FK-IHT showed no sign of inhibition even at substrate concentrations of 16 mm (Fig. 5b) . These concentrations are well within the physiological range observed in tubers (about 2 mM) (25), suggesting a role for fine control of FK-I and FK-II, although this obviously depends on the subcellular compartmentation of the hexose. Available evidence indicates that FKs are cytosolic or plastidic enzymes (26) . Substantial inhibition of FK activity by physiological concentrations of substrate have been reported on several occasions (3, 6, 14, 30) , although some FKs appear unaffected by high concentrations of fructose. Km values (Table II) were determined from Hanes-Woolf plots over the substrate range of 0.032 to 1 mm fructose for FK-I and FK-II (Fig. 5a, inset) and 0.032 to 8 mm fructose for FK-III (Fig. 5b, inset) . The Km was 0.04 mm for FK-I and 0.116 and 0.128 mm for FKs II and III, respectively. FK-I and FK-II phosphorylated D-mannose and D-glucose to a limited extent (less than 5% the rate observed with fructose), but no activity was detected with Dgalactose, L-glucose, 2-deoxyglucose, D-ribose, and L-sorbose (data not shown). FK-III was completely specific for fructose. Thus, potato tuber FK appear to play an insignificant role in the metabolism of glucose. Table III shows that the preferred NTP (Vmac/Km) for FK-I was GTP, closely followed by ATP. The phosphorylation rate However, without knowing the exact concentrations of ATP and UTP in the cytosol, the extent to which this pathway functions cannot be assessed. Given the considerably lower Km for ATP compared with UTP (FKs I and II), this is an important consideration. Table IV shows that MgADP inhibited fructose phosphorylation by the three major tuber FKs (between 88 and 95% inhibition at 2.5 mm MgADP). The levels of ADP in developing potato tubers are reported to vary between 0.3 and 1.3 ,umol g-1 dry weight (1). This would give cytosolic ADP concentrations within the range of 0.5 to 2.0 mm, suggesting a possible role for ADP in regulating FK activity in vivo. FK activity was also inhibited by fructose-6-P (25% for FK-I and 40% for FKs II and III at 10 mM). The concentration of fructose-6-P in tubers is about 25 nmol g-1 fresh weight (12) , giving a (maximum) estimated concentration in the cytosol of 0.25 mm. It seems unlikely that end-product inhibition regulates FK activity to any extent. Fructose-1-P, glucose-i-P, fructose-1,6-bisP, UDPglucose, phosphoenolpyruvate, 3-phosphoglycerate, and Pi(Na+) at concentrations of 1 and 10 mM had no effect on FK activity. Similarly, fructose-2,6-bis-P and PPi(Na+) at 10 and 100 ,UM had no effect. K+ (10 mM) enhanced the activity of FK-III by 4-fold, but FKs II and III were only activated by about 50% (data not shown). Several examples of K+ activation of FK activity have been reported elsewhere (3, 6, 30) . Li' (10 mm) stimulated activity of FK-I only (by about 20%). There was no significant stimulation or inhibition of any FK with either Na+ or Cs' (10 and 20 mM final concentrations).
